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Abstract—Rau’s reciprocity relation has been used to deduce 
the external radiative efficiency of a wide variety of solar cells 
using just standard solar cell measurements, but it is based on a 
number of assumptions, some of which may not be valid for 
typical thin-film solar cells. In this paper, we use rigorous optical 
simulations coupled with carrier transport simulations to 
examine some common thin film solar cells. The results provide 
guidance on when the Rau relation can be used, why it can fail, 
and on the magnitude of the errors that can be expected in 
practice.  
 
Index Terms—Photovoltaic cells, thin film devices, 
electroluminescence (EL), photoluminescence (PL). 
I. INTRODUCTION 
HE radiative emission of a solar cell can be a good 
indicator of its intrinsic quality [1-4]. The external 
radiative efficiency (ERE) of a solar cell at its open-circuit 
voltage (VOC ) can be defined, as suggested by Green [5], as 
 ERE ≡ qφemitJdark (VOC )
,  (1) 
where φemit  is the total photon flux emitted from the cell and 
Jdark (VOC )  is the dark current at the VOC . The emitted photon 
flux can be measured [6-10], but it is not a standard part of 
solar cell characterization. Given the importance of ERE as a 
measure of solar cell performance, it would be highly 
desirable to deduce it from standard solar cell characterization 
measurements.  
To address this need, Rau has proposed a surprisingly 
simple formula that links a solar cell’s ERE with its VOC , short 
circuit current ( JSC ), and external quantum efficiency (EQE) 
as [11] 
 ERE =




  (2) 
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exp(E / kT )−1 ,  
where φB  is the Planck’s formula, q  is the elementary charge, 
c  is the speed of light, h  is Planck’s constant, k  is 
Boltzmann’s constant, T  is the temperature of the cell, and 
E  is the photon energy. In several subsequent works, Rau and 
others expanded the connection to both photoluminescence 
(PL) and electroluminescence (EL) [12], and applied (2) to 
different types of solar cells including CIGS [13].  Recently, 
Green has applied (2) to a comprehensive set of solar cells 
ranging from standard c-Si solar cells to organic solar cells 
[5]. The ERE values deduced from (2) showed reasonable 
agreement with independently measured ERE values or with 
expectations in cases for which no measured data was 
available. 
The Rau reciprocity relation (RRR), (2), is based on several 
assumptions including the validity of the Donolato theorem 
[14] and superposition [11]. Derived from the principle of 
detailed balance, the Donolato theorem is a reciprocity relation 
that states the current collected by the junction surface, Sj , in 
the presence of a unit point source of carriers at location r  is 
the same as the excess minority-carrier density at r  due to a 
unit carrier density injected on Sj . The superposition principle 
states that the illuminated IV characteristics of a solar cell 
 is composed of the voltage dependent dark injection 
current  and the short circuit current under 
illumination   
  . (3) 
The work so far has been analytical, starting from these 
assumptions. In order to test the validity of (2) and understand 
the conditions under which it may break down, a 
comprehensive numerical study is needed. In this paper, we 
perform such a study for some common types of thin film 
solar cells using an established optical/electrical numerical 
simulator, ADEPT 2.0 [15]. The results provide insights into 
the validity of (2). 
The paper is organized as follows. Our thermodynamically 
self-consistent electrical-optical model has been described 
previously [16]; it is briefly reviewed in Sec. II. In Sec. II, we 
also define three model structures: i) a thin-film GaAs cell for 
which we expect the RRR to hold, ii) a CIGS cell for which 
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iii) a CdTe cell for which superposition fails due to the 
presence of a Schottky barrier at the back contact. In Sec. III, 
we use numerical simulations to extract the ERE of each of 
these cells and then compare the results to the ERE deduced 
from (2). Section IV is a discussion of the results and the 
conditions under which (2) can fail. We conclude in Sec. V 
with some general guidelines for using (2) in solar cell 
analysis. 
II. APPROACH 
A. Self-consistent Optical Module with the Semiconductor 
Equations  
Since the ERE and the RRR involve both optical 
(generation, emission, etc.) and electrical aspects 
(recombination, drift and diffusion transport, etc.), the 
numerical framework used to study this problem must be 
overall self-consistent. In this study, we use an enhanced 
version of ADEPT 2.0, which solves the semiconductor device 
equations. ADEPT 2.0 is a 1D self-consistent solar cell 
simulator capable of simulating layered structures. The 
simulator is well calibrated and is numerically sound. The 
enhanced version includes photon recycling based on an 
approach similar to that of Durbin [17]. The details of this 
implementation are described in [16]. For this work, ADEPT 
2.0 has been further upgraded to track the angle and spatially 
resolved radiative photon emission at the front and back of the 
solar cell. 
B. Model Structures  
In this study, we focus on three types of thin film solar 
cells: GaAs, CIGS, and CdTe. GaAs thin film solar cells 
currently have the highest reported efficiency (28.8%) for 
single junction solar cells under 1-sun conditions [18]. The 
extraordinary intrinsic quality of GaAs double heterostructures 
gives these cells a very high Shockley-Read-Hall (SRH) 
lifetime and low surface recombination, and as a result, 
radiative emission from such cell can be very high [19]. Thus, 
it can serve as a benchmarking structure where intrinsic 
radiative emission dominates. 
CIGS solar cells can also reach high efficiencies (above 
20%) [18]. Unlike the GaAs cells, they display a 
nonsuperposition behavior—their illuminated and dark IVs 
cross-over slightly beyond VOC  [20]. In addition, the SRH 
lifetime is low - on the order of nanoseconds due to grain 
boundaries and bulk defects [21]. As a result, the external 
radiative efficiency is low in CIGS devices [13]. Compared to 
GaAs solar cells, which operate as near-ideal PN junction 
diodes, CIGS solar cells provide us with an opportunity to 
examine a cell for which superposition fails and nonradiative 
recombination dominates. 
The third solar cell to be examined is a CdTe cell, which 
also achieve high efficiency but can display a 
nonsuperposition behavior due to a hole-blocking Schottky 
barrier at the back contact [22][23]. The methods used to 
investigate the three types of solar cells we chose in this study 
can be extended to other types of solar cells. 
 
 
Fig. 1 (a) Baseline single junction GaAs thin film solar cell with 
reflective back contact. (b) Baseline CIGS solar cell modeled after 
Gloeckler [25]. (c) Baseline CdTe solar cell modeled after Demtsu 
[22]. 
 
Fig. 1 illustrates the device structures for the GaAs, CIGS, 
and CdTe solar cells. The model GaAs cell is a simplified 
version of the structure studied in [16]. Since we do not 
explicitly simulate the AlGaAs layers passivating the GaAs, 
an effective surface recombination velocity of 100 cm/s for 
both top and bottom surfaces are used. Except for the doping 
density, parameters are identical for both p-type emitter and n-
type base. Bandgap reduction due to heavy doping is not 
included in this study. As discussed in [24], the Roosbroeck-
Shockley equation is used to relate the radiative recombination 
coefficient, B, to the GaAs absorption coefficient. The GaAs 
absorption coefficients are from experimental data by Lush 
[26]. A high mirror reflectivity (95%) is used as suggested in 
[31] as a critical requirement toward high photon recycling 
and thus high solar cell efficiency.   
The baseline CIGS cell structure and material parameters 
are modeled after Gloeckler [25]. Instead of specifying 
lifetime, the defect density model is used for SRH 
recombination with the trap density, energy distribution and 
capture cross sections specified. We use a Gaussian 
distribution of defects centered at mid-gap. The conduction 
band offset at the heterojunction interface between the CdS 
and CIGS layers is set to 0.3 eV. Radiative emission from the 
ZnO and CdS layers is minimal because these layers are very 
thin and have high bandgaps compared to CIGS. Thus, we set 
the indices of refraction for all layers to be the same as GaAs 
(3.3) to make later comparisons easier to comprehend. In this 
study, the specific values of refractive index for each 
semiconductor layer have minor impact on the results. The 
refractive index is only used to calculate the escape cone at 
front surface. Since the ERE values from both RRR and direct 
computation are calculated through the same optical module, 
the choice of refractive indices equally affect both 
calculations. The absorption coefficients for the three layers 
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The CdTe solar cell is modeled after [22]. It is very similar 
to the CIGS cell except for a lighter base doping (2x1014 /cm3) 
and a hole-blocking Schottky barrier at the back contact. In 
this study, we vary the Schottky barrier height to investigate 
different degree of nonsuperposition. For both CIGS and CdTe 
solar cells, the back contacts are made from molybdenum with 
80% reflectivity [25].    
Important material parameters for the baseline GaAs, CIGS, 
and CdTe cells are summarized in Table 1.  
 
GaAs emitter/base                                                                      (a) 
Bandgap 1.414 eV Index n 3.3 
Mobility (e) 250 cm2/V-s Mobility (h) 500 cm2/V-s 






mirror refl. 95% 
 
CdS n+ emitter                                                                           (b) 
Bandgap 2.4 eV Index n 3.3 
NAG 1018 /cm3 ED mid-gap 





CIGS p-type base 
Bandgap 1.15 eV Index n 3.3 
Mobility (e) 100 cm2/V-s Mobility (h) 25 cm2/V-s 
NDG 1014 /cm3 ED mid-gap 










mirror refl. 80% 
 
CdTe p-type base                                                                       (c) 
Bandgap 1.5 eV Index n 3.3 
Mobility (e) 320 cm2/V-s Mobility (h) 40 cm2/V-s 
SRH lifetime 1 ns Backside mirror refl. 
80% 
 
Table 1. Important device parameters for (a) the baseline solar cells, 
(b) the baseline CIGS solar cell, and (c) the baseline CdTe solar cell. 
Parameters: donor-like (acceptor-like) defect density NDG (NAG); 
donor-like (acceptor-like) defect peak energy ED (EA); trap Gaussian 
distribution width WG; and capture cross-section σ. 
III. RESULTS 
A. GaAs Solar Cell  
As discussed in [11], the validity of the RRR is a sufficient 
condition for the superposition principle and vice versa. It is 
therefore helpful to start with a well-behaved pn junction that 
obeys superposition. We start with a simple GaAs solar cell.  
Fig. 2 displays the band diagram and IV characteristics of 
the GaAs solar cell. The illuminated and dark IV displays no 
cross-over point so the RRR should hold. As shown in Fig. 3, 
the ERE values derived from the direct calculation and the 
RRR agree very well for cases of different mirror reflectivities 
and carrier lifetimes. Furthermore, not shown here are the 
results for various base thickness and mobilities, which 
produce results similar to those in Fig. 3. 
 
Fig. 2 (a) Equilibrium band diagram for the baseline GaAs solar 
cell. (b) Illuminated (AM1.5G) and dark IV displaying superposition 
behavior. The asterisk symbol marks the maximum power point 
(MPP). 
 
Fig. 3 (a) ERE values derived from the RRR and direct calculation 
for different mirror reflectivities (0% - 100%). (b) ERE values 
derived from the RRR and direct calculation for different base 
minority carrier lifetime (10 ps – 100 µs). 
 
B. CIGS Solar Cell with Trap-induced Nonsuperposition  
It is well known that in CIGS solar cells, nonsuperposition 
behavior can cause the illuminated and dark IVs to cross-over 
each other. The equilibrium band diagram is shown in Fig. 4a. 
Compared to the baseline GaAs cell, the CIGS cell has a 
lighter doping in the base and a larger depletion region (~ 200 
nm). In addition, the cell has a heterojunction at the front due 
to CdS/CIGS interface.  
 
Fig. 4. (a) Equilibrium band diagram for the baseline CIGS solar 
cell. (b) Illuminated (AM1.5G) and dark IV displaying 
nonsuperposition behavior. The asterisk symbol marks the maximum 
power point (MPP). 
 
As pointed out in [25], the conduction band barrier height 
ΔEC is a critical factor controlling the cell’s nonsuperposition 
behavior. The CdS layer contains acceptor-like traps that, 
under illumination when excess amount of electrons and holes 























































































































are generated within the n-type CdS emitter, the acceptor-like 
traps will capture the excess holes and become neutral 
[32][33]. When the illumination is terminated, the decrease in 
hole population causes the neutral acceptor-like traps to give 
up the captured holes and become negatively charge. This as a 
result causes the bands of CdS shift upward in energy as if a 
negative bias has been applied to it. In other words, the barrier 
essentially acts as an illumination-dependent series resistance 
impeding the flow of electron current in dark. The illuminated 
and dark IVs showing cross-over are displayed in Fig. 4b.  
The RRR is not expected to hold for solar cells that do not 
display superposition. Fig. 5a shows the comparison for 
various values of . Clearly, the RRR no longer holds in 
this case. Moreover, the disagreement between the ERE 
determined directly and by the RRR increases as the band 
discontinuity increases and the cross-over becomes more 
severe as shown in Fig. 5b. More interesting is the fact that the 
discrepancy between the two approaches has different trends.  
Increasing conduction band offset decreases the actual ERE 
but has virtually no effect on the value deduced from the RRR. 
 
Fig. 5. (a) ERE values derived from the RRR and direct calculation 
for different ΔEC (0.1 eV – 0.5 eV, with 0.05 eV increments). (b) 
Ratio between ERE values from direct computation and the RRR vs. 
J-V cross-over voltages in Fig. 5a.  
 
The observation can be understood as follows. In dark, the 
CdS layer acts as a series resistance delaying the turn-on of the 
diode. The higher the CdS barrier, the lower the current, and 
the more recombination occurs within the depletion region 
where non-radiative recombination is more effective than 
radiative. As a result, the ERE is inversely related to the height 
of the CdS barrier.  
Under illumination, the CdS barrier lowers, and the series 
resistance it introduced also drops significantly to a point that 
the cell performance is minimally affected. As a result, the 
height of the barrier has virtually no effect on the EREs 
derived from the RRR.  
Fig. 6 examines two more cases. As shown in Fig. 6a, 
increasing the CIGS lifetime increases both the actual ERE 
and the value deduced from the RRR. Some error occurs when 
using the RRR, but the trend is the same. Fig. 6b shows a 
more interesting behavior as the trap density in the CdS is 
varied. Increasing trap density decreases the actual ERE but 
has almost no effect on the value deduced from the RRR. This 
behavior is similar to what was observed for the varying 
conduction band discontinuity in Fig. 5. Under dark 
conditions, with increasing acceptor-like trap concentration in 
the CdS layer, the CdS barrier height increases and more 
strongly impedes the electron current. As a result, the actual 
ERE decreases with increasing trap density. Under 
illumination, the traps become neutral and have minimal effect 
in impeding the electron current flow. Thus, the ERE derived 
from the RRR is unaffected by a change of the trap density. 
 
Fig. 6. (a) ERE values derived from the RRR and direct calculation 
for different mirror reflectivities (0% - 100%, with 20% increments). 
(b) ERE values derived from the RRR and direct calculation for 
different trap density (8.5×1017, 9×1017, 1×1018, 1.5×1018, 2×1018, 
2.5×1018, and 3×1018 /cm3) in CdS layer. Conduction band offset is 
set at 0.3 eV and is unaffected by the trap density. 
 
C. CdTe Solar Cell with Backside Schottky Barrier-induced 
Nonsuperposition 
CdTe solar cells with a backside Schottky barrier can 
display nonsuperposition behavior very much like the CIGS 
solar cells as displayed in Fig. 7. The situation in a real CdTe 
solar cell is complicated with the presence of both a Schottky 
back contact and a valence band offset at the CdS/CdTe 
interface. As shown in Fig. 8a, the RRR seriously under-
estimates the true ERE. This is opposite to what we observed 
in case of the CIGS cells, indicating that, although both types 
of cells display nonsuperposition, the mechanisms behind the 
deviation of the RRR from the true ERE values are different.  
 
Fig. 7. (a) Equilibrium band diagram for the baseline CdTe solar 
cell. (b) Illuminated (AM1.5G) and dark IV displaying 
nonsuperposition behavior. The asterisk symbol marks the maximum 
power point (MPP). 
 
The reason for the failure of the RRR in case of CdTe cell 
rests in the conservation of charge. Let us begin with the 
equilibrium band diagram in Fig. 7a. If the cell is suddenly 
illuminated, excess electrons and holes are generated. The 
















































































































recombination with electrons, and 2) by escaping through the 
rear Schottky barrier.  
Under short-circuit conditions, the bulk recombination is 
minimal, so most excess holes escape by the Schottky barrier. 
To permit this increase in hole current, the bands in the CdTe 
quasi-neutral region shift downward in energy forward biasing 
the Schottky barrier. At the same time, the voltage drop across 
the front pn junction is also reduced. This means less applied 
voltage is needed to reach the open circuit condition, and thus 
the VOC  is reduced.  
The Schottky barrier, however, has little to no impact on 
JSC . This means that if we compare a CdTe solar cell with a 
Schottky back contact to one without, we expect to see a 
reduced VOC , but similar EQE and JSC . As a result, the RRR 
under-estimates the ERE, and this is exactly what we observe 
in Fig. 8a. Notice the difference between the two approaches 
increases exponentially as the Schottky barrier height 
increases. This occurs because the change in VOC  is 
proportional to the change in barrier height, but the VOC  enters 
the RRR as exp(qVOC / kT ) .  
 
Fig. 8. (a) ERE values derived from the RRR and direct calculation 
for different Schottky barrier height (0 eV – 0.5 eV, with 0.05 eV 
increments). (b) ERE values derived from the RRR and direct 
calculation for different base minority carrier lifetime (10 ps – 100 
µs) with a Schottky barrier height of 0.4 eV. 
 
When the CdTe lifetime is varied, the resulting comparison 
between ERE values from the RRR and direct calculation is 
intriguing. The increasing ERE from the direct calculation 
with increasing lifetime is expected since higher non-radiative 
lifetime permits more radiative emission. The decreasing ERE 
from the RRR with increasing lifetime is however counter-
intuitive and can be explained as follows. 
With low carrier lifetime, the majority of the recombination 
occurs within the bulk. The bulk recombination increases as 
the cell is biased toward VOC . However, not all of this applied 
bias drops across the front pn junction. The increased bulk 
recombination requires an increased supply of holes, which is 
accomplished by reverse biasing the Schottky barrier. Thus, 
part of the applied bias in fact goes to reverse biasing the rear 
Schottky barrier. As a result, the cell with a lower carrier 
lifetime requires more voltage to be applied to reach open-
circuit condition and thus has a higher VOC . This however 
does not mean a lower lifetime will yield a more efficient solar 
cell. The increasing reverse bias on the Schottky barrier as the 
cell is biased toward VOC  acts as an increasing series 
resistance that severely degrades the fill-factor. As a result of 
this fill-factor degradation, the cell efficiency decreases with 
decreasing lifetime, despite the slight increase in VOC . Similar 
counterintuitive behaviors are also reported in [30] where the 
rate of photoluminescence decay increases with mobility with 
the presence of strong surface recombination. 
IV. DISCUSSION 
From the previous section, we have seen that the most 
significant factor deviating the ERE calculated using the RRR 
from its true value is the violation of the superposition 
principle. In addition, we observe that as the nonsuperposition 
behavior becomes increasingly severe, the deviation becomes 
larger. 
As Moore et al. pointed out in [28], nonsuperposition in fact 
can be observed in all types of solar cells due to bias 
dependent light generation current. As the solar cell is biased 
toward the built-in voltage, Vbi , the built-in electric field 
reduces, and eventually the light generated carriers will have 
equal chance to reach both contacts. At this point, the light 
generated current becomes zero, and the dark and illuminated 
IVs cross-over. This universal nonsuperposition behavior 
however is not the cause for the error of the RRR. In fact, in 
the typical solar cells we investigated in this work, the VOC  is 
far below Vbi . At VOC , there is still a significant built-in 
electric field remain, and the light induced current is not much 
different from JSC . 
The nonsuperposition behavior we observed in the CIGS 
and CdTe cells is at voltages significantly below Vbi . The 
cause is the dynamic change in their band diagrams under 
illuminated and dark conditions, instead of the bias dependent 
light induced current. In the CIGS cell, the CdS layer acts as 
an illumination-dependent series resistance; and in the CdTe 
cell, the charge conservation introduces an illumination-
dependent bias across the Schottky barrier. This causes the 
RRR, which assumes identical band diagram under 
illuminated and dark conditions, to fail. 
As a rule of thumb, one should expect the RRR to fail when 
the cross-over voltage is near VOC . For some situations, the 
RRR produces errors in the magnitude of the ERE, but 
displays the correct overall trends (e.g. Figs. 6a and 8a). For 
other situations, however, the RRR produces trends that are 
different – even opposite to the correct ERE (e.g. Figs. 6b and 
8b).  
V. CONCLUSION 
The external radiative efficiency of a solar cell can be 
directly measured or indirectly estimated through the Rau 
reciprocity relation. In this study, we explored the relation 
between these two techniques using numerical simulation 
















































Rau reciprocity relation holds very well for cells obeying the 
superposition principle and fails when the cross-over voltage 
is near VOC . The cross-over voltage is therefore a helpful 
indicator for the validity of applying the RRR. When the RRR 
fails, it produces errors in the estimated ERE. It is surprising, 
however, that the RRR can produce trends in the estimated 
ERE as material parameters are varied that are distinctly 
different and even opposite to those of the actual ERE. When 
these limitations are understood, the Rau reciprocity relation 
can be a very useful technique in the characterization of solar 
cells. 
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